Listeners judged the dissimilarity of pairs of synthesized nasal voices that varied on 3 dimensions. Separate nonmetric multidimensional scaling (MDS) solutions were calculated for each listener and the group. Similar 3-dimensional solutions were derived for the group and each of the listeners, with the group MDS solution accounting for 83% of the total variance in listeners' judgments. Dimension 1 ("Nasality") accounted for 54% of the variance, Dimension 2 ("Loudness") for 18% of the variance, and Dimension 3 ("Pitch") for 11% of the variance. The 3 dimensions were significantly and positively correlated with objective measures of nasalization, intensity, and fundamental frequency. The results of this experiment are discussed in relation to other MDS studies of voice perception, and there is a discussion of methodological issues for future research. M ost voice evaluation protocols require clinicians to make judgments about the pitch, loudness, quality, and resonance of the voice (American Speech-Language-Hearing Association, 1993; Boone & McFarlane, 1994) . Various instruments have been proposed for perceptual evaluation (e.g., Hirano, 1981; Wilson, 1977; Wirz & Beck, 1995); however, none of these have been widely accepted because of concerns about the validity of the scales used and about the reliability with which listeners can rate voices (Kreiman & Gerratt, 1996). As Kreiman, Gerratt, Kempster, Erman, and Berke (1993) state, "…it is unclear which of the many scales, procedures, and statistics that have appeared in the literature are best suited to measuring voice quality and evaluating the reliability of such measurements" (p. 21).
groups (Gerratt, Kreiman, Antonanzas-Barroso, & Berke, 1993; Kreiman, et al., 1993) . It may be that listeners cannot isolate for judgment one perceptual dimension from several co-occurring dimensions, nor do they exhibit uniform reliability in judging the various dimensions that give a complete voice portrait (Kent, 1996) .
What is unknown from review of the literature is whether perception of nasality is unidimensional or multidimensional. Nasality, or nasal resonance, is an acoustic phenomenon arising from a supralaryngeal event, chiefly, coupling of the oral and nasal cavities (Fant, 1960) . The degree of nasality appears to be directly related primarily to the presence and size of velopharyngeal port opening (Warren, 1975; Watterson & Emmanual, 1981) , and instruments have been devised to reliably measure the acoustic consequences of oronasal coupling (Fletcher & Bishop, 1970) . Listener ratings of nasality, however, are not very reliable (Bradford, Brooks, & Shelton, 1964; Counihan & Cullinan, 1970; Fletcher, 1976) , and have been shown to be influenced by a number of segmental and suprasegmental features (Bzoch, 1989; Carney & Sherman, 1971; Counihan & Cullinan, 1972; Moore & Sommers, 1973) . This paradox suggests that the use of unidimensional scales of nasality may be inappropriate, and that perception of nasality may be multidimensional.
Persons with velopharyngeal insufficiency may exhibit compensatory laryngeal valving as a result of their abnormal oronasal coupling (D'Antonio, Muntz, Province, & Marsh, 1988; Leder & Lerman, 1985) . Consequently, dysphonia may co-occur with abnormal nasal resonance (Lewis, Andreassen, Leeper, Macrae, & Thomas, 1993; Litzaw & Dalston, 1992; Samadani, 1992; Watterson, York, & McFarlane, 1994; Zajac & Linville, 1989) , and there is evidence from the spectrographic analysis of the speech of cleft palate speakers that acoustic phenomena other than those related to vowel nasalization may contribute to their decreased speech intelligibility (Kent, Liss, & Phillips, 1989; Phillips & Kent, 1984) . Therefore, it would appear that in some types of abnormally nasal speech, both laryngeal and supralaryngeal events are occurring, and may be perceived by listeners. This suggests further that perception of nasality may be multidimensional and that unidimensional scales of nasality may be inappropriate.
If perception of nasality is multidimensional, there is some evidence from clinical reports and review of the literature (see Peterson-Falzone, 1986 ) that pitch and loudness may be dimensions that co-occur with nasality. However, there is conflicting evidence as to whether hypernasal speakers habitually use either higher or lower pitch or loudness levels as a result of, or in an attempt to mask, their nasality (Counihan & Cullinan, 1972; Dickson, 1969; Flint, 1964; Hess, 1959; Rampp & Counihan, 1970; Sherman & Goodwin, 1954; Tarlow & Saxman, 1970; Weiss, 1954 ). The precise relationship between pitch, loudness, and perceived nasality is not clear, and the prominence of nasality in clinical populations suggests a need for the systematic examination of the theoretical constructs underlying the perception of this quality.
Therefore, the main purpose of this study is to determine whether the perception of nasality is unidimensional or multidimensional, and to identify possible cooccurring dimensions that influence listeners' perception of this quality. The null hypothesis is that perception of nasal voice quality is unidimensional. Rejection of the null hypothesis and acceptance of the alternative (research) hypothesis would suggest that traditional methods for scaling nasality are inappropriate, and that the nature of the multiple percepts underlying this judgment warrant further investigation.
Method Synthetic Vowel Stimuli
All vowel stimuli were synthesized using the Klatt formant synthesizer, KLSYN88 (Klatt & Klatt, 1990) in cascade mode. Initially, a base stimulus was created [the vowel /i/, sustained for 1.5 seconds]. A 1.5-second stimulus duration was chosen to give the listener an opportunity to attune auditorily to the stimulus. This base stimulus was then synthesized at five fundamental frequencies (80 Hz, 120 Hz, 180 Hz, 220 Hz, and 300 Hz), chosen because of the approximation of the range of speaking fundamental frequencies observed in male and female adults and children (Case, 1996) . The resulting five synthesized vowels were designated collectively as oral vowels. For each oral vowel, four different nasalized cohorts were then synthesized. These nasalized cohorts simulated a continuum of perceived nasality, from mildly to severely nasal. These four additional sets of five stimuli were designated as Nasal Vowels A, B, C, and D, respectively. Synthesis parameters for the nasal vowels are reported in Table 1 .
There is evidence from the literature on speech synthesis that the spectral relationship between the frequency and bandwidth of the nasal poles and zeros, and the frequency and bandwidth of F1-F3, form the acoustic basis for the perception of nasalization (Beddor, 1993; Beddor & Hawkins, 1990; Chen, 1995; Hawkins & Stevens, 1985; Huffman, 1990; Maeda, 1982) . Collectively, these studies provide the basis for the synthesis of the vowel stimuli used in the current investigation. Hawkins and Stevens (1985) synthesized five vowels /i, e, a, o, u/, each along an oral-nasal continuum, and presented these stimuli to a group of naive listeners in on April 27, 2010 jslhr.asha.org Downloaded from a series of identification and discrimination experiments, which ultimately revealed that an oral-nasal distinction for each of these vowels could be synthesized. Each synthetic nasal vowel differed from its oral counterpart in either one or two ways: All nasal vowels contained an additional pole-zero pair, and in some cases the frequency of F1 differed from that of the oral counterpart. General characteristics of their nasal vowels were that the first formant was shifted to a higher frequency (relative to its oral starting point), and the nasal zero was about midway between this shifted F1 and the nasal pole. The resultant vowel spectra were marked by a broad low-frequency prominence (i.e., nasal formant). Intermediate stimuli on the continuum were synthesized by interpolating in equal steps between values of F1, FNZ, and FNP for the oral and nasal extremes. Chen (1995) analyzed the nasal vowels produced by normal speakers and hearing-impaired speakers, and by spectral matching of the fundamental frequency contour and the first five formant frequencies and bandwidths of these speakers, was able to synthesize nasal stimuli for all the major vowels. As is the case in Hawkins and Stevens (1985) , the nasal vowel was marked by a broad low-frequency nasal formant and also a widening of the first formant bandwidth, which is consistent with predictions from acoustic theory (Fant, 1960) . Huffman (1990) used an articulatory synthesizer to generate vowels of different heights and coupling sizes and elicited nasality judgments from listeners. He found that although high vowels required more coupling than high vowels to be labeled as nasal, such differences could be explained in terms of the effects of coupling on F1 intensity. Listeners' judgments correlated with the magnitude of F1 amplitude reduction and bandwidth increase. Similar results were reported by Maeda (1982) who concluded that the vowel-independent acoustic correlate of vowel nasalization was low-frequency spectral flattening and or spreading.
Pilot Studies
Two pilot studies were undertaken to establish the validity of the vowel stimuli. The purpose of the first study was to confirm that the descriptive labels attributed to the stimuli ("oral" vs. "nasal") were appropriate. The purpose of the second study was to confirm that the stimuli fell into five discrete categories along a continuum of perceived nasality (from oral/non-nasal to severely nasal).
Subjects in both pilot studies were 4 graduatestudent clinicians majoring in speech-language pathology. Subjects were either enrolled in a graduate-level course in voice disorders or had recently successfully completed such a course. These listeners had no reported history of any hearing, speech, voice, or language difficulties and were screened for the ability to detect pure tones bilaterally at 20 dB HL at octave frequencies from 500 Hz to 8 kHz. The same 4 subjects participated in both pilot studies.
For the first pilot study, a listening tape was constructed consisting of a subset of the original vowels described above, as well as additional vowels synthesized to represent the quality of roughness. These latter stimuli were included in the stimulus set because it was necessary to demonstrate that the non-oral stimuli could be identified as nasal, and not some other abnormal quality. Rough vowels, in particular, were included because (a) rough quality was a judgment that listeners were familiar with and (b) they were readily synthesized (see Gerratt et al., 1993) . All stimuli were equated for fundamental frequency (120 Hz), duration (1.5 seconds), and intensity (70 dB), so as to control for extraneous factors that potentially may have distracted listeners from their task of focusing on vowel quality. Stimuli were presented binaurally via headphones. Presentation order was randomized, and there was a 5.0 second interval of silence between each vowel, which was presented two times not consecutively to allow for assessment of reliability of ratings. After being presented with a written description of each voice quality, and hearing multiple exemplars of each prior to the task, subjects were instructed to identify the general voice quality of each vowel, circling one of three choices (oral, nasal, rough) on a response sheet. Mean accuracy for this task was 96% (range = 90-100%); interrater reliability was .95; and intrarater reliability was .98, indicating that there was nearly perfect identification, and high rater agreement and reliability.
For the second pilot study, a listening tape was constructed, which consisted of pairs of vowels covering all 
Parameter
Oral Nasal A Nasal B Nasal C Nasal D   F1  270  300  275  250  225  B1  60  300  250  200  150  F2  1500  2100  2250  2400  2550  FNP  500  700  800  900  1000  FNZ  500  1200  1300  1400  1500  BNP  90  150  150  150  150  BNZ  90  250  250  250  250 Note. Duration of all vowels = 1,500 ms. Non-listed control parameters at default values. F1 = frequency of the first formant. B1 = bandwidth of the first formant. F2 = frequency of the second formant. FNP = frequency of the nasal pol. FNZ = frequency of the nasal zero. FNZ = frequency of the nasal zero. BNP = bandwidth of the nasal pole. BNZ = bandwidth of the nasal zero.
possible combinations of nasal severity at one given fundamental frequency (120 Hz) and intensity (70 dB). This resulted in 10 pairs of forward-ordered vowels; to control for possible order effects, a reverse ordering of these combinations was also undertaken, yielding 10 additional pairs. The presentation order of the resultant 20 vowel pairs was randomized, and four pairs were repeated to allow for assessment of reliability. The interval of silence within each pair of voices was 1.0 seconds, and each pair of voices was separated by 5.0 seconds. After training to the task, subjects were instructed to judge whether the voices heard in each pair were "same or different," and to record their judgments on a response sheet. Mean accuracy for this task was 91.25% (range = 80-100%), interrater reliability was .89 and intrarater reliability was .85. Qualitative examination of individual errors for this task revealed that no specific pair was missed by more than one listener and that the few errors involved pairs of voices that were within one step on the presumed continuum of nasality. Because of this minimal ambiguity, it was assumed that the continuum of nasality had perceptual reality to listeners.
Stimulus Tapes
A listening tape was constructed consisting of all possible paired combinations of the vowel stimuli (n = 300). To assess the reliability of the ratings of the voice pairs, 20% (60 pairs) were randomly selected and added to the original set, yielding a total of 360 voice pairs. Vowel stimuli within each pair were separated by 1.0 seconds, and there was a 5.0-second interval between pairs of vowel stimuli.
Subjects
Twelve graduate-student clinicians in the Department of Speech and Hearing Science at Arizona State University participated in the listening tasks. All students were majoring in speech-language pathology and were enrolled in a graduate-level course in voice disorders or had recently successfully completed such a course. Listeners had no reported history of any hearing, speech, voice, or language difficulties, and were screened for the ability to detect pure tones bilaterally at 20 dB HL at octave frequencies from 500 Hz to 8 kHz.
Procedures
Subjects were first informed that the investigators were generally interested in their perception of "nasal" voice quality. Because most listeners were unfamiliar with synthetic speech, the entire set of exclusive vowel stimuli was played. Listeners were further informed that the experimenters were particularly interested in their perception of the similarity of vowels within a pair, and that they would be presented with pairs of vowels and asked to rate the dissimilarity of the vowels on a 7-point EAI scale. Listeners were instructed that a rating of 1 should indicate that the vowels within the pair are exactly the same, and that a rating of 7 should indicate that the vowels were most different. Listeners then heard five practice pairs of vowels, not drawn from the stimulus set, to become familiar with the nature of the stimuli and the response required. Listeners were not informed that some stimuli were repeated within a session.
Data Analysis
For each of the 12 listeners, one matrix was constructed from the pairwise similarity scores of the vowel stimuli. Each cell within each individual matrix yielded a similarity score ranging from 1 to 7, reflective of the 7-point EAI scale used. The 12 individual matrices were then combined to yield one matrix reflecting group pairwise similarity scores. Each cell within this group matrix yielded a summed similarity score ranging from 12 to 84, again reflective of the 7-point EAI scale used.
The 12 matrices served as input to the general purpose MDS algorithm ALSCAL (Young & Lewyckyj, 1979) , using a nonmetric individual differences model. Output from the scaling program includes a measure of stress, which reflects the fit between the data and the scaling model, and R 2 values, which measure the amount of variance in the underlying data that is accounted for by the scaling solution (Kreiman et al., 1992) .
Separate MDS analyses for each listener were conducted, for a total of 12 individual scaling solutions. One additional group MDS analysis was undertaken, and this "group solution" was used to determine the general perceptual trend across listeners and to determine the extent to which composite analyses reflected the strategies used by individual listeners.
Results

Reliability and Agreement
Twenty percent of the voice pairs, selected at random, were repeated so that test-retest reliability could be assessed. Table 2 summarizes traditional measures of intrarater reliability and agreement for the group. Intrarater reliability was high.
On the average, nearly 90% of repeated ratings were within ±1 scale value (chance = 38.8%), and even the most unreliable rater had repeated ratings within ±1 scale value on nearly 70% of trials examined. Mean percentage exact agreement was somewhat lower, but still considerably on April 27, 2010 jslhr.asha.org Downloaded from greater than chance (approximately 14%, or 1 in 7), even for the most unreliable rater. Mean Pearson's coefficient for the entire group was robust.
Multidimensional Scaling Analyses
Listeners' judgments were analyzed using a nonmetric individual differences MDS model (Young & Lewyckyj, 1979) . Separate solutions were found in two to four dimensions. Table 3 summarizes the goodness of fit measures for the three possible solutions.
In general, the lower the stress and the higher the R 2 , the better that the shared variance in the listeners' judgments can be explained by the scaling model (Reynolds, Schiffman, & Young, 1981) . The three-dimensional solution was chosen for interpretation because it accounted for approximately 12% more variance than did the two-dimensional solution; the four-dimensional solution did not account for a significantly greater amount of variance than the three-dimensional solution. The solution selected fit the data quite well, accounting for 82% of the variance in the underlying similarity ratings.
The dimensions in an exploratory multidimensional scaling solution are best interpreted through examination of the intercorrelations between the dimensions extracted and known quantitative and qualitative measures of the stimuli (Schiffman et al., 1981) . ALSCAL calculates coordinates for each stimulus voice on each dimension, such that voices that are perceptually similar are close together in the space described by the coordinates. Group spaces were interpreted by examining the correlation of these stimuli coordinates with the known acoustic parameters of the voices. When several parameters were significantly correlated with a dimension, multiple regression was used to identify unique correlations between dimensions and parameters. for each dimension, which indicate the average importance of a dimension in the perceptual space. R 2 values for individual dimensions sum to the value for the entire space, which represents the amount of variance in the underlying similarity ratings that is accounted for by the solution as a whole.
As Table 4 shows, the first dimension (D1) in the perceptual space was significantly correlated with the following parameters: (a) frequency of the nasal pole (FNP); (b) frequency of the nasal zero (FNZ); (c) bandwidth of the nasal pole (BNP); (d) bandwidth of the nasal zero (BNZ); and (e) amplitude of F1. The second dimension (D2) was significantly correlated with intensity. The third dimension (D3) was significantly correlated with F 0 . Note also from Table 4 that listeners weighed the three dimensions non-equally: D1 was weighed most heavily, accounting for nearly 54% of the variance in the similarity ratings; this is an amount that is three times greater than D2 (18%), which in turn, accounts for almost twice the variance in similarity ratings than D3 (11%). Table 5 presents the correlation matrix for only those variables significantly correlated with the three dimensions in the MDS solution. Examination of this table reveals a fairly high (i.e., >.70) positive correlation between the acoustic variables and their corresponding dimensions. To summarize, listeners' ratings of the similarity of pairs of synthesized nasal vowels may be explained primarily in terms of nasal quality (as measured by FNZ, BNZ, FNP, BNP, and amplitude of F1), loudness (as measured by intensity of the vowel stimuli), and pitch (as measured by fundamental frequency of the vowel stimuli). The three dimensions together accounted for 83% of the variance in the underlying similarity ratings, with Dimension 1 accounting for 54% of the variance, Dimension 2 accounting for 18% of the variance, and Dimension 3 accounting for 11% of the variance.
Discussion
The main objective of this experiment was to determine whether perception of nasality is unidimensional or multidimensional, and to identify possible co-occurring dimensions that may influence listeners' perceptions of this quality. To this end, a family of multivariate statistical procedures known as multidimensional scaling (MDS) was utilized to identify dimensions that were perceptually relevant to listeners in making judgments about the similarity of synthesized nasal vowels and to interpret those dimensions through their correlations with known physical characteristics of the vowel stimuli. The results of the MDS analyses suggest that the listeners in this investigation used three stimulus dimensions in judging the similarity of synthesized nasal vowels: Nasality, Loudness, and Pitch.
The finding that perception of nasality is multidimensional is not unexpected. It is intuitively appealing that voices may vary simultaneously along any number of dimensions (such as resonance, voice quality, loudness, and pitch), and that listeners may respond perceptually to those dimensions. The stimuli in this study were created by manipulating acoustic parameters corresponding to laryngeal and supralaryngeal events and listeners perceived in those stimuli two dimensions (Pitch and Loudness) related to laryngeal events and one dimension (Nasality) related to a supralaryngeal event. Although the multidimensional nature of abnormal voice quality perception is well supported in the literature (Kempster et al., 1991; Kreiman et al., 1990; Kreiman et al., 1992; Kreiman & Gerratt, 1996; Murry et al., 1977) , those studies have investigated primarily the perception of laryngeal events (i.e., dysphonia). Nasality has not been the focus of systematic MDS analysis and is unique to this investigation.
The three-dimensional group MDS solution accounted for 83% of the shared variance in listeners' ratings, an amount that is greater than that reported in other MDS studies of voice. One possible explanation for this finding is the use of synthesized vowel stimuli, which by the nature of their creation, exhibit less acoustic variability than natural voices. The stimuli in this study were synthesized with a somewhat restricted set of acoustic parameters, which may account for the seemingly impressive amount of shared variance.
As reported in Table 4 , the shared variance accounted for by the three-dimensional solution is not equally distributed across all three dimensions. Dimension 1 (Nasality) accounted for the largest portion of shared variance (nearly two thirds), with considerably less variance accounted for by Dimension 2 (Loudness) and Dimension 3 (Pitch), respectively. The fact that Dimension 1 appeared to be most salient to the group is not an entirely unexpected finding. The stimuli in this study were synthesized with the express purpose of eliciting the perception of nasality. A 5-point continuum of severity was created in an attempt to introduce some variability into the voice set, but no attempt was made to introduce vowel stimuli representative of other voice qualities. Although there was ample literature support (Counihan & Cullinan, 1972; Dickson, 1969; Flint, 1964; Hess, 1959; Kempster et al., 1991; Kreiman et al., 1991; Melara & Marks, 1990; Rampp & Counihan, 1970; Sherman & Goodwin, 1954; Tarlow & Saxman, 1970; Weiss, 1954) for an a priori expectation that loudness and pitch would be salient dimensions, there were no expectations regarding the degree of salience of either dimension, or the relative salience of either dimension, to the primary dimension of nasality.
There are many directions for further research. Future investigators may wish to synthesize a broader range of nasal stimuli, in an attempt to more closely approximate human voices. For example, stimuli exhibiting a wider range of fundamental frequency and intensity levels could be used, as could stimuli that also exhibit abnormal voice quality. This may lead to a better understanding of the acoustic-perceptual relationships between pitch, loudness, quality, and nasality (Hammarberg, Fritzell, Gauffin, Sundberg, & Wedin, 1980; Wolfe, Cornell, & Palmer, 1991; Wolfe & Ratusnik, 1988) . Another direction for future research would be to explore more closely the individual differences in perception of nasality.
There is evidence that listener experience may contribute to individual differences in perceptual strategy (Kreiman et al., 1990; Kreiman et al., 1992) . Kreiman et al. (1990) compared two groups of listeners (expert and naïve) and concluded that "…Naïve listeners differed from experts both in the dimensions that emerged and in the relative salience of those dimensions the two groups shared" (p. 108). The current investigation used graduate student clinicians, as did Kempster et al. (1991) , who reported good agreement among listeners as to the salience of one of three dimensions (intensity), with disagreement about the relative importance of the remaining two dimensions (frequency; perturbation).
on April 27, 2010 jslhr.asha.org Downloaded from Furthermore, Kempster et al. (1991) did not report significant differences among subgroups of graduatestudent clinicians. Future investigations might examine the question of relative student-clinician experience, to determine if less experienced student clinicians are influenced by changes in loudness and pitch in a greater way than their slightly more experienced counterparts. Similarly, future investigations may also wish to examine the perceptual strategy of experienced voice clinicians and compare this to that of graduate-student clinicians or other populations of interest (see Kreiman et al., 1992) . If significant differences were found between groups, such a finding would certainly have implications for the training of voice clinicians. For example, it may be that with more clinical training, one is able to focus one's auditory perception on the dimension of interest and minimize, to a large degree, the influence of possible co-occurring dimensions. Ultimately, specialized ratings scales of nasality may be developed, which validly and reliably represent listeners' perception of the laryngeal-supralaryngeal acoustic events inherent in nasal voice.
